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1 . SUMMARY 
1.1 In a long term situation of rising energy prices conventional 
economic appraisal of energy technologies has a number of shor t comings. 
It is not possible to determine the inflationary effects of energy price 
rises on costs and al so it is a very uncertain guide in R & D planning. 
By us i ng energy analysis the energy element in cos ts and the inflationary 
ef f ects of price rises can be determined directly . Also the net energy 
requirement is an index of me rit which is available during the R & D 
phase and can be related theore t ically to the economics of a technology . 
It provides a good indicator,during R & D, of economic potential . 
1 . 2 The calculations reported here for wave energy systems are based mainly on 
information contained in RPT 1978 draft report and hence relate to the 
reference designs as then conceived. 
1.3 The modal net energy requirement s (energy input/energy output) for the 
1978 Ref erence Designs on a primary energy basis are as f ollows 
National Engineering Laboratories (NEL) 2 . 79 GJ ( t / GJ ( e) 
Wavepowe r Limited (WPL) 1.45 GJ ( t ) / GJ ( e) 
Hydraulics Research St ation (HRS) 3. 27 GJ(t )/GJ(e) 
Sea Energy Associates (SEA) 2. 89 GJ(t)/GJ(e ) 
Fren ch Fl exible Bag (FFB) 0 . 46 GJ ( t / GJ ( e) 
1.4 On the basis of this information only the FFB satisfies the basic 
criteria of energetic viability . This criteria is that the ne t 
energy requirement of a wave energy system should be less than one . 
1.5 While it is not possible as yet to e s tablish the precise relationship s 
between energy requirement and economic viability, clear ly t t e 'energy 
returns ' of t he FFB are so low as to make it doubtful that this device 
would ever be economical ly viable in this form , 
1.6 It is possible to model simply the relationship between energy requirements 
and cost s , This indicates that a technology with a high ene rgy requirement 
wi ll suffer rapid cost inflation as energy prices r ise , Depending on 
es t i mates of the value of output electricity (compared with the value of 
firm elec tri city) it seems that energy prices wil l have to rise 13 t imes 
before t he FFB becomes economically viab le . This is fa r beyond the l imi ts 
of current medium term and even long- term planning horizons . 
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l. 7 It is difficult to imagine any realistic economic circumstances 
which may develop in the medium and long term which would make wave 
energy , in this fo r m, economically viable . 
1.8 To radically alter this assessment will r equire a reduction in net energy 
requirement by factors ranging from 2 . 3 (FFB) to 16 (HRS) . These 
improvements can only be achieved by substantial reductions in masses 
of structural and mooring materials per unit output together wi th 
improvements in the average load factor of all installed machinery . 
1.9 Energy analysis raises seriou s questions about the wave energy programme. 
These must be answered convincingly before a rational case for connni tt i ng 
major funds to the further development of these designs can be made. 
In particular the current emphasis on design for production would seem 
to be premature when basic prob lems of device size remain unresolved. 
1.10 Further 1,rork is required constructing models of t he net energy requirement 
of all devices in the prograrmne in terms of maj or system parameters 
(structural size, peak/average power ratings etc . ). Also energy analys is 
of new concepts and gener ic studies of wave energy devices is required . 
In this way e ~t ablished devi ces and new concept s will be analysed in a 
systematic way and it may be possible to identify directions of development 
which will offer the possibil i t y of wave energy devices with low net ener gy 
requirements and with the ultimate po tential to be economically viable. 
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2. ASPECT S OF DECIS I ON- MAKING 
The general a im of this work is to prov i de information that wi l l assist 
decision makers to obt a in rational a s sessments concerning energy technologies. 
From the beginning, in order to avoid confusion, i t is important to dist i nguish 
between the di f ferent types of decision which have to be made during the 
development and implementation of energy technologies. It is the purpose 
of this introduction to describe the significance of the results presented 
here in terms of three particular forms of decision. 
2.1 Irrnninent investment decisions 
When a technology is fully developed and there is a good understanding 
of the likely costs of components and construction, then investment 
decisions can be made , These are frequently based upon comparison between 
the value of the output, in this case fuel, and the value of resources 
corrnnitted to its production , The value of the re sources committed is 
usually assessed through a conventional cost eng i neering exercise, and it 
is norma l t o compare t he unit costs of produc i ng energy (e.g. pence/kWh) 
for competing technologies , All other f actors being equal, it is rational 
to choose the technology with the lowest unit cost, A more sophist i cated 
approach involves t h e application of discounted cash f l ow an a l y sis to 
different schemes and the system with t he highest net present value then 
becomes the rational choice, ~!hichever particular technique i s us ed in 
assessment, a decision-making procedure is followed in a situation of 
moderate or low uncertainty , where current costs can be eva luated with 
some precision and subsequent outputs can be forecast. 
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Figure 2.1 Simple cash flow energy project during a period of 





Figure 2. 2 Simple cash flow of energy project during a period of 







There are problems, however, in situations where fuel prices are rising 
during construction and operation. This is illustrated by comparing figures 
2.1 and 2.2 which show the actual cash flow during periods of both 
constant and rising fuel prices. These figures take into account the 
fact that, for energy technologies, fuel price inflation can influence 
costs as well as earnings. In general, this offsets the effects of 
discounting the cash flow. It is a relatively simple matter to assess 
the impact of such price rises on earnings and the analysis has already 
been applied to geothermal energy systems (Garnish,1976). However, 
it is not possible to determine the effect of price rises on costs using 
a conventional costing data base. Such an assessment must incorporate 
the results of energy analysis in the method shown later. If the 
construction period is short then it may be argued that the corrections 
are minor, but this may not b~ true in all cases , nor in the case of a 
project with a long construction time, For the sake of completeness 
this inflationary effect must be taken into account. 
2.2 Medium-term planning decisions 
If all energy policy could be based on the aggregate of individual 
investment decisions then policy formulation would be greatly simplified 
The approach outlined above, with appropriate corrections to accommodate 
fuel price rises, would be used in decision making situations. Whenever 
additional fuel supplies were needed, current unit costs would be computed, 
an expensive exercise in itself, and a new energy project, such as a new 
coal mine, oil well or nuclear power station, etc., would be started depending 
on the results. However, energy policy is clearly not as simple as this. It 
is concerned rather with industrial strategy; that is, whole industries 
must consider their commitments to particular technological routes, forecast 
the likely economic consequences of different options and plan developments 
accordingly. The electricity supply industry must decide whether or not to 
commit itself to the wide-scale introduction of nuclear power, the oil 
industry to exploration and production west of Shetland, for example. It 
would be naive to suggest that these industries are choosing strategies just 
on the basis of today's current costs,when it is obviously important to 
forecast the way in which input costs and the value of output will vary over 
the lengthy planning time scale being considered. It is conventional 
reasoning that fuel price rises will have the effect of reducing the economic 
threshold of new energy developments. In this reasoning it is usually assumed 
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Figure 2.3 Convent ional view of new energy technology development. 
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that costs remain fixed whilst the output value rises as a result of fuel 
price increases. This view is fa i rly widely accepted (e.g . Starr, 1977) 
and is illustrated in figure 2 . 3 
Oh this basis a new energy techno l ogy becomes economically competitive 
when fuel prices reach a certain leve1,Px, that is determined by the 
point at which the two cost lines intercept. However, this method of 
reasoning ignores an essential point, namely, that current fuel prices 
form an element of any current cost assessment. Hence as fuel prices 
' 
rise not only will the value of the energy produced increase but also the 
cost of production will increase in real terms. Figure 2.4 describ e s this 
relationship and demonstrates that economic viability is delayed until 
fuel prices rise beyond Px to a level Px'. Any major energy planning 
exercise, especially involving a radically new,different technology, 
which failed to take this into account could result in serious error 
if the energy element in the costs was large. Unfortunately, there 
is no simple method of determining this using conventional cost 
information and cost economics. 
As an extension of this argument, fuel price inflation can also affect 
estimates of total reserves of energy sources. These reserve figures 
indicate the amount of energy resources available for use below particular 
maximum cost levels and, as such, these are important factors in medium 
· and long term planning. The conventional vi&! is represented in figure 2.5 
which illustrates the variation of cumulative reserves with cost. This 
shows that, at a prevailing price level of C1, it becomes economic to 
exploit resources up to a reserve level of R1 . Normally, as fuel prices 
increase to the new level of c2 , it is assumed that resources up to the 
new level of R2 become economically extractable. However, this again 
ignores the effect of fuel prices on costs. A more realistic interpretation 
is depicted in figure 2.6.Here the entire reserve variation curve shifts 
to the right towards higher costs as fuel prices rise. The extent of this 
shift depends upon the size of the energy element in the costs. As shown, 
the actual growth of reserves is now determined by the way in which the 
reserve variation curve responds to price rises and this is depicted by 
the line AB.Figure 2.7 indicates that new reserve estimates obtained in 
this fashion are consistently lower than those previously predicted on 
constant cost assumptions. The difference between these current and 
actual reserve variation curves becomes more apparent as larger fuel price 
increases are contemp l ated. 
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Although there should be no errors in the periodic re-assessment of 
reserve limits when they are re-calculated to adjust for changes in al l 
factors including f uel price rises, actual reserves will generally tend 
to be consistently lower than those indicated by earlier forecasts. 
Since planning is based largely on some form of f orecast, planning 
errors are possib l e and their extent will depend upon the sensitivity 
of costs to fuel price inflation. It i s obviously very difficult to 
account for changes in all factors that affect future cost and reserve 
assessment. However, the essential point is that the price of fuel 
inputs and the value of output from an energy-producing technology can 
be highly inter-related. At the extreme these factors are mutually 
determined. As suggested above, relating input prices to output value 
enables cost and reserve calculations to be transformed from limited 
reactive techniques, providing only descriptions of current or past 
situations, to quite powerfu l predi ctive planning too ls. 
2.3 Research and development funding decisions 
In these cases, the aim is to identify currently under-developed 
technologies that seem to promise at some future date, possib ly 10 to 50 
years hence, to be economically viable sources of ene r gy. Those regulating 
research and development finances must usually adjudicate between a number 
of technologies competing for scarce funds. In this situation, what criteria 
can be used to identify the most promising designs and allocate funds 
accordingl y? Cost f orecas t s cannot be used with confidence becaus e thi s 
information is precisely what is so uncertain at this stage of development. 
The ultimate purpose of research and development is, in fact, to reduce 
technical and costing uncertainties so that sensible investment decisions 
can be made eventually. Funding decisions may not be so crucial during 
the fairly' inexpensive laboratory stage of research when the performance 
of models is being investigated, the scale of ultimate devices i s being 
evaluated and the performance of proposed designs is being forecast. 
However, dif fi cul tie s do arise in the later s tages of small-scale and fu l l-
scale prototype test ing where the research costs are likely to be high. 
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Ostensibly decisions are made on the basis of highly uncertain cost 
estimates. This is hardly satis f actory since the results of the 
prototype experiments themselves have an enormous bearing on final 
costs. Additionally, the cost assessment exercise is ~mbiguous i n 
· another interesting sense. While a favourable cost assessment woulo 
be interpreted as strong evidence to continue, an unpromising result 
may generally not be regarded as strong evidence for abandoning 
further work. It can always be argued that more research and 
development effort will reduce costs, as will production experience 
resulting from a trial construction progrannne. The final justification 
is, of course, that unit costs will improve as fuel prices rise. 
From this discussion it can be seen that conventional current cost 
assessment, ·though it may be reasonably adequate in the field of 
specific investment appraisal, does not present suffi ciently complete 
evaluations when used in more general, increasingly uncertain decision-
making contexts. Energy analysis, however, can provide the essential 
information required to assist conventional assessment techniques in 
this matter. 
2.4 Contributions from energy analysis 
The limitations identified previously in the use of current cost assessment 
in decision making and planning for new energy technologies can only be 
rectified by incorporating information derived from energy analysis into 
the normal proceg,of economic evaluation. Energy analysis can account 
for the effects of fuel price rises because it enables a basic current 
cost assessment to be written in the following simple form: 
where, 
K = K 
0 
i=n 
+ E P.•E. 
i =l i i 
K = total cost 
K = non 'energy' element of cost 
0 
p , = price i of the i.th t ype 
E , = quantity i of the i . t h 
directly or indirectly 
i=n 




f uel consumed 
= aggregate cost of all traded fuels consumed 
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The methods of energy analysis , that generate informati on on the 
amount of energy consumed directly or indirectly to provide goods 
and services, are required to obtain the quantities of fuel, Ei. 
Although much work is currently in progress, a complete data base 
that yields the quantities of individual fuels used to provide 
all common goods and services is not yet available, The existing 
data base contains information about fuels used aggregated on the 
basis of calorific value alone. · However , a data base has been 
developed that distinguished between the consumption of electricity 
and all other types of fuel (Mortimer , 1977) . These data can be used 
to construct a useful hypothetical model in wbich electricity is 
substituted for all other fuels, 
To proceed realistically, equationC2.l)must be simplified to the 
following form: 
K = K + P.E. (2,2) o in 
w~ere, depencing upon the data base used, 
and, 
P = an average price for either (a) fossil fuel 
thermal energy or (b) electrical energy 
E. = the aggregate of all (a) fossil fuel thermal energy in 
used or of (b) electricity inputs, 
Wi.thin the context of the current fuel economy the results are not very 
sensitive to the choice of which form of energy is measured or which data 
base is used, The fossil fuel thermal energy requirement is typically 
twice the substituted electricity energy requirement. Conversely the price 
of electricity is between twice and three t imes the price of thermal energy 
from fossil fuels. However, there could be lar~e difference in choice in 
some future situation where the price of electricity were signif i cantly 
l ess than the price of thermal energy from fo ssil f uels. This could occur 
in an economy predominantly fuelled by electricity and the "all electric" 
data base is important here because it enables statements to be made about 
this particular situation, 
To compare technologies it is normal to calculate unit costs, that is costs 
per unit output, and hence equationC2.2)becomes: 
c = c
0 
+ p, E . pence/lzPh (2,3) in 
E out 
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= cost per unit 
= non 'energy' element of costs per unit 
E. = net energy requirement (n.e.r.) i n - -
Eout 
(note, Eout = 
Ei n 
energy ratio which is the inverse of the net energy 
requirement* ) 
While it is repeatedly claimed that energy analysis has a role to play 
within economic appraisal , this relationship has only been specifically 
defined within the context of a definite mode 1 occasionally . (e. g. Chapman, 
1976; Chapman; and Hemming, 1976; Mortimer, 1979) However, using this 
model of the relationship between costs and energy prices, it is possible 
to identify the critical range of energy requirement values that determine 
the practical limitations of energy technologies. 
The results of an analysis of this type can be put into two categories 
as illustrated by the following examples: 
The first example concerns technologies producing fuel with a unit value 
similar to the unit value of the input fuels. In this situation the 
value of the output will rise 1.n step with the price of input fuels 
within the supply system. As explained above, unit costs will also 
inflate in response to these price rises, at a rate determined by the value 
of the net energy requirement of the specific energy technology under 
consideration. If the net energy requirement is low then unit costs will 
increase slowly. Eventually at some prevailing price level the value of 
the output will exceed costs and the technology will become economic. 
If, on the other hand, the net energy requirement i s high, then costs 
increase rapidly with fuel price inflation and economic v i ability is 
seriously delayed. Figure 2 . 8 de,...,otn,t r a t e s th_e se si tuatio~s where unit 
costs are plotted against t he unit pr i ce of i npu t f uels , p . 
* This 1.s an index which 1.s commonly used 1.n some of the literature. 
- 13 -





Figure 2. 9 










Uni t pri ce of input fuels,p 
Cost line B 
Gradient (n . e.r.) 
Cost Line A 
Gradient (n.e.r.) 








Gradient -;:. 1 
Unit price of input fuels, p 
- 14 -
Cost line B 
high 
low 
Thus the important factor affecting the value of output fuel is the 
gradient of the cost lines. These gradients are equal to the respective 




The cost lines in figure 2.8 must cross the given value line at some 
point in order that the technology may have the potential to be 
economically viable. In this case, a net energy requirement of less 
than one is the minimum criterion for a technology to have any potential 
to achieve eventual economic viability. However, if success is to occur 
within a reasonable period of time then it can be seen that the net 
energy requirement must, in fact, be much less than one. 
The second example relating to the use of energy analysis concerns 
technologies producing fuel with a unit value quite different from the 
unit value of input fuels. As shown in Figure 2.9,and the value of output 
rises with input fuel price inflation, but at a different rate. The minimum 
criterion for a technology to display potential for economic viability 
is that it should have a net energy requirement equal to the gradient 
of the relevant value line. It is possible to conceive of realistic 
cases where the slope of the value line can differ from about 0.6, when 
oil is used for the production of coal (in an opencast mine for example), 
to about 3.5, when fuel oil ±s used to produce electricity. Hence an absolute 
value of the net energy requirement cannot be defined to relate to all 
cases uniquely. This is not unusual since the relevance of all techniques 
of assessment depends on the context of the particular issues under 
investigation. 
It is not possible to set a rigidly justifiable minimum value of net 
energy requirement. below which a technology shows eventual economic 
promise. However, it may be reasonable to aim for a net energy requirement 
that is a factor of ten less than the minimal criteria discussed previously. 
This implies that the necessary condition is a net energy requirement of 
below approximately 0.3. 
Such a suggestion is supported by the fact that, currently, fuel purchases 
represent about 10% of basic costs, as defined by net output*. 
*Studies at the Energy Workshop on the 1974 Census of Production also 
support this contention. 
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If fuel prices double in real terms during coming years . then this 
proportion could rise to 20%.Figure 2.10 demonstrates that the energy 
output f~om the project would have to be between five and ten times the 
energy input just to cover basic first costs. This suggests a net energy 
requirement of between 0.1 and 0.2 as a minimal criterion for realistic 
future economic promise. 
This discussion of the significance of net energy requirement results leads 
to the application of the concept within Gredecision-making context 
outlinedin section 2.3, that of research and development planning. The 
central problem in such a planning situation is that some kind of guide 
is required to give an indication of commercial potential during the 
research and development phase when costings are not available or are so 
uncertain as to be unreliable. Calculation of the energy inputs to 
construction and manufacture is based upon estimates of quantities of 
materials, machinery, etc., and this does not require the detailed level 
of design information that is needed for a useful cost estimate. Cost 
estimates are very sensitive to the details of prototype experience, 
production planning and learning curve improvements . All these factors 
are studied during the relatively expensive prototype and subsequent 
stages of development. The quantities of materials, etc., ho~ever, 
remain largely unaltered during this phase and this is reflected in 
fairly constant energy input results. By comparing these energy inputs 
with performance estimates during the early stages of the life of a new 
technology, it is possible to deduce the net energy requirement. This 
result is then available prior to further development and enables future 
progress to be assessed in the manner described above. 
Two general parameters can be identified which impos ~ inherent physical 
limits on the commercial pro~pects of renewable energy sources now being 
developed. These are the energy density of the source which determines 
the scale of devices required by the new technology, and the 
availability pattern of the source which governs the average load factor 
and hence, degree of redundancy of machinery, etc. Since energy inputs 
calculated by energy analysis are close:y related to the size of structures 
and quantities of machinery, c0mparison of such inputs with the subsequent 
output provides an index, the net energy requirement, that is sensitive 
to the basic physical principles of the energy source and its relevant 
means of use; the particular energy technology. 
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As explained previously, it is difficult to define a unique ultimate 
net energy requirement criterion because of unavoidable problems of 
relating the relative value of input and output energy in isolation 
from the specific case being examined. However, it can be seen that a 
net energy requirement in the region of 0.6 to 3.5 is a fairly good 
indication that a technology is very close to the inherent physical 
limits of energetic viability. Although energy analysis cannot 
provide unqualified criteria, this does not invalidate it as a means 
of assessment! Indeed, all other comparable techniques of evaluation 
are prone to the same condition that the answers they provide only 
have meaning in relation to the question being asked. In summary, 
research and development funds nrust be concentrated on those new energy 
technologies which have clear potential for techno-economic viability 
and not on those which cannot progress from the limits of physical 
futility. For this, technologies must be sought with net energy 
requirements less than 0.2 to 0.1 
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Results and Discussion 
3.1 Energy Analysis 
This study of the energy analysis of wave energy systems is based 
upon a series of Reference Designs drawn up by Rendell, Palmer 
and Tritton (RPT), Consulting Engineers to the Wave Energy Steering 
Committee of the Department of Energy, Full details of these 
designs are contained in the 'Consultants• Second Report, 1978' 
(Rendell, Palmer and Tritton, 1978), Five different devices were 
studied in depth, as shown in Table 3,1. They were compared on 
the basis of their deployment in a projected 2000 M:N wave energy 
installation off the coast of Outer Hebrides, near South Uist 
in Scotland, 
Energy analysis of energy conversion systems is concerned with 
determining the direct and indirect energy inputs used to construct, 
operate and maintain the system, and also with the energy outputs 
of the system, taken over a common period, 
The energy analysis was, where possible, based on physical quantities 
derived from the RPT report and from numerous visits and communications 
with individual device teams and consultants. However, for the 
Salter's Duck (SEA) system, insufficient data were available for a 
ourely physically-based energy analysis. In this case, the energy 
intensities (MJ(t)/£) derived from statistical data, (Casper, 
Chanman and Mortimer, 1975), were combined with costs, to perform the 
energy analysis, 
Energy analysis of energy sources can produce various results, of 
which the gross and net energy inputs are two particularly useful 
types, The gross energy input to a scheme includes all the energy 
processed and consumed by the scheme. For example, ·the energy 
in the waves, as well as energy used to construct and maintain the 
devices, is included in the gross energy input. In this study, 
net energy analysis, is used, Net energy analysis does not include 
the energy of the primary energy souces being processed, which 
in this case is the energy in the waves, Thus the net energy 
analysis concentrates on traded fuels, in primary or delivered terms . 
- 19 -
TABLE 3.1 1978 REFERENCE DESIGN DEVICES 
GROUPS DEVICES ABBREVIATIONS 
National Engineering Laboratories Oscillating Water Column NEL 
Wavepower Limited Cockrell's Raft WPL 
Hydraulics Research Station Russell Rect i fier HRS 
Sea Energy Assoc i ates/ Salter ' s Duck SEA 
Edinburgh Univers ity 
Lancaster University French Fl exible Bag FFB 
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All the fuel energy input measured here is embodied in the 
construction, maintenance, repair and replacement of components 
over the lifetime of the system. 
The wave energy schemes studied are composed of various sub-systems: 
device structure, mechanical, hydraulic and electrical machinery, 
towing out, moorings, power collection and transmission. A worked 
example demonstrating how the energy inputs of components, 
subsystems and schemes are developed is given in Appendix A. 
This concerns the Wavepower Limited (WPL) raft scheme in the 1978 
Reference Design form. In general, the energy input of a single 
component is determined by multiplying the relevant amount of 
that component, say in tonnes, by the subsequent energy ·requirement 
of the material from which it is made, say in gigajoules per tonne 
(GJ(t) / te) • . Representative energy requirements for a variety of 
materials and products are given in Appendix D. These energy 
requirements indicate the total amount of energy resources, 
measured in terms of primary energy, required to produce a unit of 
output. An effective annual energy input can be derived by 
dividing t~e initial energy input of each component by the corresponding 
lifetime. Thus the annual energy input is a weighted figure which 
takes into account the replacement of components with relatively 
different lives. Since the individual lifetime of components 
are used in this study, the results are independent of the 'financial' 
life of the wave energy scheme. Estimated mean value and ranges 
of component lifetimes are given in Appendix E. The overall annual 
energy input to a 2GW scheme can be compared with the energy output 
from that scheme. A range of annual energy outputs for each wave 
energy system is given in Chapter 13 of the RPT report. These 
were determined from the likely performance of devices in the sea 
state of South Uist in the Outer Hebrides. These sea state data 
had recently been made available by the use of 1.Vaverider buo~rs 
that are part of a information collecting scheme instigated for the 
U.K. wave energy programme. The average power in the sea ~t t,~P, 
South Uist site is about 47 kW/m, this compares with 70 kW/mat 
Ocean Station, India in the mid-Atlantic which was used for the 
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The output from the devices is given in terms of electricity 
delivered to the national grid at Perth, In comparing the annual 
delivered energy with the average energy in the sea, account must 
taken of directionality, primary and secondary conversion 
efficiencies and _ generation and transmission losses. Hence, the 
average electrical power output of the wave energy scheme, delivered 
to the national grid is typically estimated between 2. 2 and 6. 4 kW /m, 
which is significantly less than the original power in the sea, 
3.1 1 Results 
Throughout this work, the results are expressed in terms of net 
energy requirement (n,e,r,) which is the energy input of the fuels 
~ consumed by the scheme divided by the energy output of the scheme, 
as electricity delivered at Perth i both expressed in annual terms, 
If the energy output is measured in the form of primary energy 
• a scheme should have a net energy requirement of less than unity 
in order to be a net primary energy producer. 
A summary of the results of the energy analysis of 1978 Reference 
Designs are given in Table 3,2 and Figure 3,1, The wide range of 
net energy requirements shown in Figure 3,1 result from uncertainties 
contained within the RPT report, concerning the input quantities of 
materials and the expected outputs of the schemes. Uncertainties 
concerning the expected lifetime of components also influence the 
results, The results have been combined in such a way as to 
produce a modal (most likely) value of n.e.r. The upper and lower 
1 ~ bound values represent the worst and best possible combinations of 
factors used to calculate the net energy requirement. They therefore 
represent the most extreme cases possible using the data available 
for 1978 Reference Designs. The uncertainties of input material 
and component quantities are also reflected in the cost estimates 
of the wavepower systems. This variation is cost estimates taken 
1. from volume 3 of the RPT report, is shown in Figure 3,2 
The modal net energy requirements of the five schemes, categorised 
into subsystems, are shown in Figure 3,3. This indicates clearly 
how the schemes differ markedly in their mode of operation, and 
- 23 -
' TABLE 3 . 2 SUMMARY OF ENERGY ANALYSIS OF 1978 REFERENCE DESIGNS 
NEL WPL HRS SEA FFB 
ANNUAL 
ENERGY INPUTS 






< r.:I ~ < r.:I r.:I < r.:I (x 106 GJ(t ) 2GW scheme) 
Q p. A p. A p. A p. ;::: A p. per 0 § 0 § 0 § 0 0 p. 3 0 § ...:I ::;; ...:I ::;; ...:I ::a!! ...:I ::;; ::> ::al 
L Construct concrete 3,43 6 . 43 10.32 2.71 4,11 6.29 5.00 6.84 10.30 1.88 5.01 11.28 0.55 0.73 1.10 
units and launch 
2, Structural steel 0,08 0 . 20 0,37 1.43 1.97 2,84 - - - 1.67 2.23 3.09 0,00 0.01 0.01 I 
components ~ 
3, Mechanical c omponents 0.30 0 . 37 0,49 1. 78 2,38 3,57 3.29 4.31 6.29 6.17 10. 46 19.71 0 . 21 0,29 0.51 · I 
to power take-off 
4, Hydraulic and electrical 1.03 1.24 1.55 3,31 4,38 6,50 2.97 3.70 5,35 0,37 0.62 1.01 0,34 0,44 0.63 
power take-off 
5 , Tow units to site 0,22 0.39 0.59 0.11 0.15 0,23 0.24 · 0.42 0,78 0 . 04 0,24 0.63 0,03 0.04 0,06 
and place 
6. Anchors and mooring 2.73 6,86 20.68 1.23 3.28 14.39 - - - 0.40 0.53 0.83 0.16 0.41 1.52 
7. Power collection and 0.59 1.44 9.16 0,42 0 . 69 1.09 0,15 0.21 0,33 0,62 0.93 1.64 0.42 0,68 1.08 
transmission 
TOTAL ANNUAL ENERGY INPUT 8.38 16.93 43.16 10.99 16.96 34.89 11.64 15,48 23,05 11.14 20.03 38,19 1. 70 2,60 4.91 
TOTAL ANNUAL ENERGY OUTPUT 
10,10 6.30 4.10 11.67 7,25 7,25 4 . 73 2.52 9.77 6,93 4,10 9 . 1·3 5 , 67 2,83 
(X 1 06 GJ(e) per 2 GW } 
le.08 
··- ·-· - ---
..___ ____ - -- ------· 
NET ENERGY REQUIREMENT 0,83 2,79 11.11 0.68 1.45 4,81 1.16 3.27 9,09 1,14 2,89 9,09 0,19 0.46 1. 72 
GJ (t/GJ (e) 
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FIG 3 . 3 NEr ENERGY REQUIREMENTS OF W.AVEPOWER SYSTEMS 
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5 tow lIDits to site 
6 anchors & moorings 
7 power colle ct ion 
& t r ansmission 
SEA FFl3 
where the ~nergy requirement centres' occur for each scheme. For 
example, a comparison of the energy requirements of NEL and SEA devices 
shows how the different operating characteristics of these devices 
influence the amount of energy embodied in the moorings. Thus any 
improvement in net energy requirement must concentrate on a 
reduction in these 'energy requi rement centres'. 
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3,1,2 Discussion 
The overwhelming conclusion of this energy analysis is that only 
one device, the Lancaster design (FFB), will be a net primary 
energy producer in the most likely, or modal case considered, 
The four other devices (NEL, WPL, SEA and HRS) consume more energy 
than they will produce over the system lifetime in the modal case, 
These four devices have baen funded from the beginning of the U.K. 
Wave Energy Programme and can be regarded as the most thoroughly 
researched devices in existence at the time of writing of the 
1978 RPT report, In contrast, the Lancaster device had only 
recently been taken into the research programme, 
The results of this current study are markedly different from 
earlier research which showed that all the devices, as then 
conceived, had net energy requirements less than unity (1 GJ(t)/GJ(e)) 
(Smith, Harrison and Varley, 1977, and Harrison, Jenkins and 
Roberts, 1978), The reasons for this dramatic change is illustrated 
in Figure 3,4 a-d which demonstrate the variation in basic data 
over the period 1976-78 for the SEA device ~or example, Figure 3,4a 
shows that the amount of energy available in the sea at proposed 
sites has been greatly over-estimated for all devices during the 
early stages of development. Such information on sea wave power 
rating is obviously crucial to the meaningful development and realistic 
assessment of devices, More accurate information was only 
becoming available for the 1978 RPT report and it can be seen that 
the early rating estimate has now been halved. The overall 
system efficiency* of the designs has also changed between 1976 and 
1978, and Figure 3,4b shows an eventual fall in efficiency to one third 
of the original estimate, These factors combine in Figure 3,4c to 
produce a reduction in the unit electricity output of the scheme by a 
factor of almost eight. During the same period the unit energy 
input estimated by energy analysis did increase by a factor of about 
five, However, it can be seen in Figure 3,4c that the dramatic 
* The overall system efficiency includes the efficiency of device 
capture as well as the power chain efficiency etc. In other words 
it equals the total electricity power output at Perth divided by 
the average power in the sea. 
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FIG . 3 . 4 EFFECT OF CHANGES IN DATA ON ENERGY ft_NALYSIS - SALTER' S DUCK 1976 - 7B 
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drop in output was the fundamental reason for a net energy 
requirement 1978 of more than 1 GJ(t)/GJ(e) as illustrated in 
Figure 3.4d. Provision of reliable information on such basic 
factors as the amount of energy available from the primary source 
in this case the sea, should. be the most important initial 
feature of any energy R & D programme, This has obviously not 
been the situation in the U.K. Wave Energy Programme and if 
early wave data had been correct then the current devices would 
still be 'energetically' viable.* 
Using 1978 data it can be seen that some devices, in their best, 
or lower bound, value of net energy requirement, can just be net 
primary energy producers. However, they do not attain the current 
criterion of economic viability considered in a previous section 
(section 2.4). 
Thus, it is a ma'jor conclusion that significantly large and 
fundamental improvements need to . be made in all aspects of the 
present wave power systems before they can become net suppliers 
of economically - competitive electricity to the national grid. 
Some such potential improvements are shown in Figure 3.5 a-d which 
demonstrate the effect on the energy ratio of varying the device 
capture efficiency,? d' and the power chain efficiency,? p for all 
1978 wave energy systems. 
In order to determine the nature and magnitude of improvements 
that are required for each device to demonstrate basic economic 
potential, the following simple targeting exercise was performed with 
each set of design data. First, a plausible target net energy 
requirement of 0.2 GJ(t)/GJ(e) was postulated, Then, assumptions 
of possible improvements to both device performance and sub-system 
equivalent ener.gy requirements were made on the same basis for 
each scheme in an attempt to achieve this postulated value. Up to 
this point, most of the obvious improvements were considered apart 
from major changes in the equivalent structural energy requirement 
via reductions in the structural mass of devices. Consequently, 
* For example, using 1976 data on output the SEA device would still be 
a net producer of primary energy, having an energy ratio of 2.73 
GJ /GJ. 
e t 
(A net energy requirement of 0,366 GJt/GJe>· 
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FIG. 3. 5 EFFECT CF EFFICIENCIES ON ENFRGY RATIOS 
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the following initial improvements were applied to each scheme: 
a factor of three increase in device output or overall system 
efficiency; a factor of two increase in the load factor of hydraulic 
and electrical power take-off equipment; a factor of four decrease 
in the energy inputs of mooring, device tov.'-out, and power 
collection and transmission; and a factor of two reduction in 
the energy inputs of non-structural mechanical components. 
Improvements in efficiency and load factor were assumed to come 
from mechanical design progress. Reductions in the energy input 
of certain components were suggested on the basis of using smaller 
amounts of mate·rial and/or less energy intensive materials. 
The results of the initial part of this targeting exercise are 
shown in figure 3.6. As can be seen, only the FFB device attains 
the requisite value of net energy requirement. Hence, additional 
changes are required to reduce the net reauirements of the other 
devices to the· target value of 0.2 GJ (t~/GJ (e)· · It is suggested 
that these changes must result from decreases in the energy input 
of device structures by reduction in their mass. Thus, target 
masses can be defined that comply with the criterion for possible 
economic viability described here . These targets are shown in 
Table 3.3 for the NEL, WPL and SEA devices in terms of tonnes of 
concrete and steel per metre of device frontage* and per KW of 
power converted. Consequently, to attain the postulated value of 
n.e.r. the structural mass of the NEL device must be reduced by a 
factor of about seven, the WPL device by a factor of about two 
and the SEA device· by a factor of about fifteen. This is in 
addition to the other improvements outlined above. The HRS 
device is excluded from the preceeding exercise because the non-
structural components contribute more than the target value to 
the net energy requirement. Hence, even if the structural enerey 
inrut of the HRS device wao zero, the tar~et o• 0 02 GT / GJ 
·- • • r. (t) ' (e) 
could not be achieved. 
* This is the unit length of the device rather than the unit length 
of total searoom occupied by the device. 
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TABLE 3. 3 STRUCTURAL TARGETS FOR WAVEPOWER DEVICES 
(Note: all other device improvements given on Appendix B must also be 
made in order to reach a target net energy requirement for systems 
of 0.2). 
Reinforced Structural 
concrete units steelwork 
tonne/metre tonne/kW tonne/metre tonne/kW 
(converted) (converted) 
CURRENT 814 49.0 1.5 0.09 
NEL 
TARGET 114 6.8 0.2 0.01 
OURnENT 300 14.1 15.5 0.73 
WPL 
TARGET 132 6.2 6.8 0.32 
CURRENT 110 4.8 15 0.70 
SEA 
TARGET 7.2 0.31 1.0 0.04 
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3.2 Modelling of device scaling 
Modelling of device scaling was carried out to determine whether 
improvements in energy ratio (the inverse of net energy requirements) 
could be gained by altering certain parameters of device design. 
In this case the parameters chosen wer e : structural scale, given i n 
terms of the characteristic dimension of the device; and the amount 
of on-board machinery, given in terms of the installed capacity 
(power limit) of the device, The characteristic dimension of 
the device is that dimension which controls the performance of a 
device, in the conversion of incoming wave energy into mechanical 
motion, mass air movement, or head of water depending on the particular 
mode of operation of the device. The characteristic dimension of 
the Salter's Duck (SEA) device is t he duck stern diameter. The 
characteristic di mension of the Osci llating Water Column (NEL) 
device is the column length (front-to-back). These parameters 
dictate how well the device is 'tuned' to the incoming wave regime. 
Previous work at Sunderland Polytechnic, (Smith, Harrison and 
Varley, 1979) was concerned with an early version of the Salter 's 
Duck device, operating in the mid-atlantic 'Ocean Station "Indiaft 
sea state with an earlier estimate of the average annual power 
level of 90 kW/m. This work showed that valuable non-initiative 
insights could be gained into t he best combinations of paramet ers 
to give a maximum energy ratio , or a different combination to give 
the best use of sea-room. The best energy ratio from these designs, 
with such an energetic sea, was found to be 13 GJ(e)/GJ(t) (a net 
energy requirement of 0.08 GJ(t)/GJ(e)). 
Computer modelling of the 1978 Reference Designs, described fully 
in Appendix B, used the more thoroughly engineered NEL and SEA 
designs in the 'South Uist' sea state for which parameterized 
output data were made avai labl e by the device terms. (Jeffrey et a l , 
1978; Moody , 1978). The total energy i nputs for the devices were 
determined by t he use of a simp l e scaling model based on t he 
Reference Designs. More sophisticated models of how the vari ous 
device parameters vary with characteristic dimension were not 
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Fig. 3,8 Energy Ratio V Annual Output for NEL Device in South Uist Sea State 
As shown in Section 3.1.1 the results of the energy analysis of 
the 1978 Reference Designs (modal values) demonstrate that neither 
of the two devices modelled here (NEL and SEA) are net primary 
energy producers. The results of this scaling investigation for 
the NEL aevice, shown in Figures 3.7 and 3.8 and for the SEA 
device, shown in Figure 3.9, indicate that some definite i~provements 
in 'energetics' can be achieved by varying the characteristics 
dimension and power limit of the devices. Indeed, the scaling 
exercise suggests that, within the context of the analysis used 
here, these particular designs do not correspond to the most 
optimal device.* However, such optimisation would not be 
sufficient to transform either device into net primary energy 
sources. Although the modelling of device scaling has marginal 
effect in these specific cases, it can be seen that the technique 
can make a fundamental contribution to the study of generic concepts 
and the development of new devices. 
* It should be noted that information of output was not 
available to enable clear maxima to be obtained for the SEA 
device in Figure 3 . 9 which shows the variation of energy ratio 
with annual output. 
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FIG 3. 9 
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3.3 Device assessment and fuel price rises 
Assessing the effect of fuel price inflation on the economics of 
new energy technologies is important for two basic reasons. 
First, such rises are typical features in the present economy 
and are now officially expected to be common place in the future. 
Second, the development of new technologies is frequently evaluated 
in terms of high levels of fuel prices. In other words, although 
fuel from a new source may currently be expensive, rising prices 
are expected to make such a source economically competitive in 
the future. By concentrating on the inflating value of fuels 
which determines the price of output, the conventional approach 
overlooks the impactQf this same inflation on the costs of the new 
technology. 
The detailed principles underlying the use of energy analysis in 
predicting the effect of fuel price inflation on the cost of 
electricity from new sources such as wave energy has been explained 
in Section 2.4. Basically, for the purpose of this analysis, the 
cost of electricity can be separated into two elements which are 
the fuel-related and non-fuel-related costs. These cost elements 
can be determined using information on total financial costing 
and net energy requirements as described in Appendix C. From 
this linear equations can be obtained which show the variation of 
the cost of electricity from wave energy devices with the price of 
fuels used during the construction of the wave energy system. The 
resulting cost-price equations can be expressed in terms of either 
the price of primary fuels or the price of electricity in an 
idealised electrical equivalent case. 
Primary fuels* are those used to provide heat for direct use or 
further energy conversion (e.g. to electricity). Such fuels are 
coal, fuel oil, heat from nuclear fission, etc. These can be 
used directly, or for the production of secondary fuels such as 
electricity, coke and smokeless solid fuel. A full definition of 
primary fuels can be found in Appendix C. 
* measured in energy units of GJ(f) or KWh(f)" 
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Fig . 3 . 10 COST-P~ICE GRAPH FOR h'AVEPOHER SYSTE!'S 
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The variation in the cost of electricity from wave energy systems 
with the price of primary fuels is shown in Fi~urA 1.10, The cost 
includes, interest charged on capital, ( at 10~ p. a,) · and a nominal 10% annual 
charge for maintenance. Three value lines are shown in Figure 3,10;-
firm electricity value - the premium value of firm electricity, based 
on the current electrical generating system. 
intermittent electricity value - some nominal value reflecting the 
intermittent nature of the electricity 
produced by wave energy systems. 
primary fuel substitution value - based on the current value of 
electricity as a substitute for primary 
fuels in low-temperature heating applications 
at the point of use. 
This work on the current-fuel mix basis, indicates that only one device 
can ever become economic if their output can be sold as firm electricity. 
For the Lancaster device (FFB) this occurs when the price of the 
thermal fuel input rises to 6,66p/kW\f)' This compares with the 
current (1978) price of thermal fuels of 0.52p / kWh(f) as shown in 
Figure 3.10. Hence the price of fuels must rise by a factor of 13 
before the FFB device can become economic as a firm electricity 
producer. Furthermore the FFB device has the prospect of becoming 
economic if the output can be sold at a nominal intermittent electricity 
value, so called 'dirty electricity'. 
fuel price of 28. 66 pence/kW\f). 
This occurs at a thermal 
The cost of electricity from wavepower devices can also be compared 
with the price of electricity is a hypothetical 'all electric economy 
case'. This enables the input and output to be compared on the 
similar basis of electricity. The primary fuel case, however, 
cannot be used so easily for estimating future energy values where 
the mix of fuels may be completely different from that of today. 
To convert to an electrical equivalent basis, substitution factors 
are used (Mortimer, 1977). These express how the end used of 
particular thermal fuels could be substituted by electricity. An 
example of such an industrial application would be the use of .. 
electric 
making. 
arc furnaces rather than open hearth furnaces for steel 
Such possible applications are aggregated to give an 
average overall substitution factor, which is used to convert the 
primary fuel input to the construction of a wave energy system 
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Fig. 3.11 COST-PRICE GRAPH FOR WAVEPOWER SYSTEMS 
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(in GJ(f)) to an electrical equivalent input (in GJ(e)). 
The cost of electricity output from wave energy systems in a 
situation of rising electricity prices is shown in Figure 3,11. 
The costs again include interest on capital borrowed and a 
nominal 10% annual maintenance charge. The value lines are those 
described above, It can be seen that, in the 'all electric 
economy' case considered, again only the Lancaster device (FFB) 
can ever be economic, and only then if its output can be valued as 
firm electricity. This occurs when the price of electricity used 
to construct the devices exceeds 49,7p/kWh(e)' These results 
suggest that the prevailing view, that the cost of the electricity 
output from wave energy systems will remain constant, whilst the 
price of fuels in the market place is rising, is clearly misleading, 
To hasten the economic viability of wave energy systems, a combination 
of capital cost reduction and net energy requirement reduction is 
necessary as indicated in Section 3,1,2, Unless such cost and 
input energy requirement improvements are achieved, then four of 
the devices, NEL, WPL, HRS and SEA, have unit output costs which 
inflate more rapidly than the prevailing value of electricity. 
Hence these four devices, as defined in the 1978 Reference Design 
configuration can never become economic producers of electricity. 
The FFB device, although at an earlier stage of developments (in 1978) 
shows slightly more economic promise. If the output electricity 
could be sold at a premium value, then primary fuel prices would 
need to rise by a factor of 13 to make a wave energy system, based 
on the FFB device, economic, However, the offical view is that 
fuel prices may only double by the end of the century, thus the 
general economic prospects for the 1978 Reference Designs of wave 
energy systems do not seem very promising, 
- 43 -
4 CONCLUSIONS AND RECOMMENDATIONS 
The overwhelming conclusion of this energy analysis of the 1978 wave 
energy Reference Designs , is that, with the exception of the Lancaster 
device, no wave energy system can be considered as a net producer of 
primary energy. The energy analysis compares the energy input for the 
construction of the systems, in the form of coal, oil and gas etc. at 
the point of production, with the energy output, delivered to the National 
Grid in the form of electricity, over the operating life of the system. 
The energy of t he waves is, o= course, excluded from the calculations. 
This analysis demonstrates that most of the devices consume more primary 
energy during construction than they produce over their period of useful 
operation. The Lancaster device is a net producer of primary energy, 
although it can only generate twice as much primary energy than is 
consumed in it s construction. 
Inputs and outputs of energy can be considered on a similar basis by 
converting the primary energy input to an electrical equivalent input 
using substitution factors. This enables an assessment to be made 
independently of the present mix of fuels in the economy. In this 
case both the Wavepower Limited and Lancaster devices produce more 
electricity than they would consume, in a hypothetical all-electric 
economy. 
~he:inabili ty of the 1978 Reference Des igns of wave energy systeJTts to 
demonstrate any clear net energy benefit emphasis further the unpromising 
results of the corresponding economic evaluation. Detailed costings by 
the programme's consultants have resulted in costs for electricity from 
the proposed wave energy schemes at least five times higher than current 
(1978) electricity costs. 
Conventional assumptions envisage wave generated electricity becoming 
economic as fossil fuel prices rise. These assumptions neglect t he 
influence of the same fossil f uel pri ce rises in the cost of the energy 
used in the construction and maintenance of wave energy systems. In a 
situation of fuel price inflation, with the exception of the Lancaster 
device, the cost of electricity generated by wave energy systems rises 
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faster than the cost of conventional generation of electricity. Even 
for the Lancaster device, an order of magnitude increase in fuel prices 
is necessary before the use of wave energy as a marginal producer of 
electricity can be contemplated in the U.K. If the official estimates 
that the real price of energy will double by the turn of the century 
are borne out, then the economic circumstances : required to make wave energy 
viable are very remote indeed. This energy analysis demonstrates that the 
1978 Reference Designs wl1 display no obvious benefits in any realistic 
future situation of fuel price rises. 
The results of this study have shown a drastic change in the energetic 
viability of wave energy devices, when compared to a similar exercise for 
the consultants' 1977 designs. This change has been the combined result 
of a small increase in the energy input to the devices coupled with a 
substantial decrease in energy output. More detailed cost engineering 
together with design modifications, have led to the increase in the 
estimates of resources required to construct the wave energy systems. 
The decrease in system output is due to two major factors. Firstly, 
the overall efficiency and reliability of the device and power transmission 
system have been more thoroughly researched, leading to an estimation 
of losses and outages which results in a reduced annual yield of electricity 
delivered to the National Grid • . Pri~arily, however, there has been 
a massive drop in the estimates of energy which is available for extraction 
from the sea by devices. This change results from the recent acquisition 
of reliable sea state data for the South Uist site . Previously, only 
information on the sea state of Ocean Station India, in the mid-Atlantic 
had been available , This data had been used by device team as the basis 
of their 1977 and earlier designs of wave energy systems. 
Provision of reliable information on such basic aspects of the primary 
energy source should be the most important initial feature of any energy 
research and developmen± strategy. Although, this does not appear to have 
been the case in the early U.K. wave ener~y programme, future planning must 
incorporate a strong element of wave data anaylsis and resource assessment 
for there to be any realistic chance of developing successful wave energy 
devices. 
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Overall, the results suggest that wave energy systems are further from 
commercial exploitation than was realised early in the U.K. Wave Energy 
programme. As a consequence it would now seem unfortunate that wave 
energy development has become so linked to the fortunes of specific 
designs rather than being based on fundamental principles and broad 
concepts. 
future. 
It would be rational to change this emphasis in the 
The results of this study suggest that the technique of energy analysis 
is required as part of a framework to assess the practical potential of 
new ideas and improved devices. The field of energy research and 
development planning can often be one of partial decisions leading to 
expensive errors. Unfortunately, attaining engineering feasibility 
in itself is not a guranteed method of avoiding similar mistakes in 
the future . Instead, a form of economic engineering which concentrates 
on the relative use of scarce resources in practical applications, is 
needed by inventors and designers, as a guide to promising areas of future 
development. A basic example of this type of engineering is suggested 
by the targeting exercise out lined in t his report . This ex ercise 
demonstrated the changes necessary in the use of materials and 
components to achieve economic viability. Another development was the 
modelling of device scaling as a means of optimising design parameters. 
These techniques, in addition to others such as the parameterized analysis 
of generic concepts, form the basis from which wave energy resear ch and 
development can progress from its current state of impasse. Only through 
such a committed, comprehensive and rational approach can wave energy 
become a realistic option for energy supply in the future. 
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APPENDIX A A worked example of energy analysis 
This particular example of the procedures used in this study of energy 
analysis is based on the Wavepower Limited (WPL) reference design as set 
out in the Rendell, Palmer and Tritten Consultant's Second Report of 1978 
(Rendell, Palmer and Tritten, 1978). 
The starting point for an energy analysis of any device or system such as 
a wave energy scheme, using the basis of physical data, is an inventory of 
quantities, masses of materials and details of individual and complete 
components. In this study, inventories were obtained from specifications, 
engineering drawings and tables given in volume 3 of the 1978 F2T Report. 
The energy input, or effective contribution, of a specific item is calculated 
by multiplying the quantity of the item given in the inventory (for example, 
in tonnes) by its relevant energy requirement (for example,in GJ(t)per tonne). 
Energy requirements of materials and components used in wave energy systems 
can be found in the literature* and a short list of energy requirements is 
given in Appendix D. 
An example of energy input results, for the construction of concrete units for 
one WPL reference design raft is shown in table Al. Inventory data were 
taken from the RPT Report which gives details of estimated quantities from 
three independent contractors. Such estimating differences introduce range 
variations in materials input figures.In order to represent this uncertainty 
in basic information, three particular types of results were evaluated. These 
consist of the extreme values of upper and lower bounds, and a most probable 
result, the modal value. Upper and lower bounds were calculated by multiplying 
specific energy requirements** by the highest and lowest inventory estimates, 
respectively. Modal values were obtained by multiplying specific energy 
requirements by the contractor's inventory estimate that was intermediate 
between the highest and lowest figures. Where only two inventory estimates 
were available the modal value was taken to be the arithmetic mean. In cases 
where only one inwentory figure was given, this was taken as the modal value and the 
bounds were estimated as assumed percentage variations (e.g.± 15%). It should 
*See for example; Chapman, 1975; Gartner and Smith, 1976; Hannon et al, 1976; 
Varley and Harrison, 1977; Boustead and Hancock, 1979. 
** As shown in Appendix D, energy requirement values were taken as typical 
without 'error bars'. Although uncertainties do occur in practice, these 
were not accounted for in this study. 
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Table Al Energy inputs to construct concrete units (excluding 
steel centre section) - WPL 1978 Reference Design. 
Item Energy Material input per Energy input per device 
requirement device (GJt) 
lower modal upper l ower modal upper 
(a) (b) (b) (b) 
Cement 7.9 GJt/te 2206te 2240te 2269te 17,429 17,696 17,925 
(a) (b) (b) (b) 
Aggr e gate o . 15cJt/te 8823te 8960te 9076te 1,323 1,344 1,361 
(c) 3 (d) 3 ( d) r (d) 3 Formwork framing 2.92GJt/m 94.5 m 120.0 m· 125.0m 276 350 365 
timber 





5000m2 522 662 690 
(e) (b) (b) (b) 
Steel reinforcement 39.5GJt/te 1519te 1775te 1800te 50,000 70,113 71,100 
(e) (b) (b) (b) 
Steel prestressing 43.0 GJt/te 41.te 49te 156,4te 1, 79.1 2,107 2,423 
SUB- TOTAL - - - - 81,339 92,272 93,907 
(f) 
On- site energy Sub-total - - - 12,201 13,841 14,086 
X 15% 
(g) (g) (g) 
Provision of facility - - - - 1,300 1,650 2,000 
GRAND TOTAL - - - - 9.4, 839 107,763 109,993 
I 
Notes. 
(a) average value from Chapman, 1975; Gartner and Smith, 1976; and Varley 
and Harrison, 1977. 
(b) from RPT 1978 Report, volume 3, table 8. 
(c) average value from Hannon et al, 1976; and Roberts, 1978a. 
(d) material consumed in building device from RPT 1978 Report, volume 3, table 28 . 
(e) from Roberts, 1978b. 
(f) from Varley and Harrison, 1977. 
(g) based on case studies. 
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be emphasised that the subsequent range of results produced by this method 
reflects uncertainties in the basic input information and does not mean that 
energy analysis, as a technique, is, in any way, unreli able or vague. 
The results in t able Al show the energy inputs of various items as one stage 
of constructing a single WPL device. The energy inputs for cement, aggregate, 
formwork framing timber, form.work facing plywood, steel reinforcement and steel 
prestressing is simply all the energy used to manufacture these materials. 
This includes the energy embodied in the capital equipment used, along with 
direct process energy requirement. The energy required to construct concrete units 
from these items is given as the 'on-site energy' and is equal to typically 
15% of the energy used to manufacture the materials (Varley and Harrison, 1977). 
The energy required to provide the facility in which to construct the concrete 
units was obtained by analysing case studies of North Sea oil platform docks 
(Hemming, 1975), and proposed wave energy device sites (Rendell, Palmer and 
Tritten, 1978). 
As there are 1144 WPL devices in the 2GW reference power station scheme, the total 
initial energy input to the complete scheme is simply the energy input to a 
device multiplied by this number of devices. The total initital energy input 
for constructing the concrete units of the WPL design is shown in table A2. 
This can be used to deduce the effective annual energy input by dividing the 
initial energy input by the corresponding lifetime and results are also given 
in table A2. In this way, the annual energy input is a weighted figure that 
takes into account the replacement of components with relatively different 
lives. Since the individual lifetime of components are used in this study, 
the results are independent of the 'financial' life of the wave energy scheme. 
Estimated mean values and ranges of component lifetimes are shown in Appendix E. 
The above process was repeated for each subsystem, or classified inventory 
operation, so that the total initial and annual energy inputs for the entire 
scheme could be calculated. For the WPL device these subsystems included 
the concrete units (construction and launch), the structural steel components, 
mechanical components to power take-off, hydraulic and electrical power take-off, 
tow out, moorings and anchors and power collection and transmission. The results 
are summarised in table A3. Also shown here are the expected range and modal 
values of the annual electrical energy ou~put delivered at Perth in Scotland 
by the WPL scheme. These values were obtained from chapter 13 of volume 2 of 
the RPT Report and represent the high, low and most probable estimates, 
respectively. 
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Table A2 Initial and annual energy inputs to construct concrete 
units for a 2GW scheme - WPL 1978 Reference Design. 
Item Initial energy input 
~er 2Q,J 6 a (10 GJt) 
lower modal upper 
Cement 19.936 20.244 20.506 
Aggr egate 1.514 1.538 1.557 
Formwork framing 
timber 0.315 o.4oo 0.418 
Formwork facing 
plywoo d 0 . 597 o. 757 0.789 
Steel 
reinforcement 68.640 80 . 209 81.338 
Stee l I 2.049 2.410 2. 772 I 
prestressing 
On- site energy 13,958 15.834 16,114 
Provi s ion of 1. 487 1. 888 2.288 
facility 
TOTAL 108. 496 123.280 125.832 
Notes 
(a) 2 GW scheme consists of 1144 devices. 
(b) amorti sed over structure lifetime. 
Inverse lifetime 
-1 (yrs ) 
lower modal upper 
1/40 1/30 1/20 
1/40 1/30 1/20 
(b) (b) (b) 
1/40 1/30 1/20 
(b) (b) (b) 
1/40 1/30 1/20 
( c) (c) (c) 
1/40 1/30 1/20 
(c) (c) (c) 
1/40 1/30 1/20 
1/40 1/30 1/20 
(b) (b) (b) 
1/40 1/30 1/20 
- - -
(c) steel embedded in concrete, hence same lifetime as structure. 
- so -
Annual energy input 
per 2GW (10 GJt/yr) 
lower modal upper 
0.498 0.675 1.025 
0.038 0.051 0.078 
0.008 0.013 0 . 021 
0.015 0.025 0.039 
1. 716 2.674 4.067 
Q_051 0.080 o.-139 
o. 349' 0.528 0.8C6 
0.037 0.063 0.114 
2.712 4.109 6. 272 
Table A3. Initial and annual energy inputs for the complete 
construction of a 2GW scheme - WPL 1978 Reference Design . 
. 
Item Item Initial energy input 
No. per 2GW (106 GJt) 
lower modal upper 
1 Construct concrete (a) (a) (a) 
units 108. 5 123.3 125. 8 
2 Structural steel (b) (b) (b) 
components 42. 8 49 .3 56.9 
3 Mechanical components 
to power take-off ( c) 35. 7 35.7 35.7 
4 Hydraulic and 
electrical power 
take-off (d) 38.3 38.3 38.3 
5 Tow out (e) 4.4 4.5 4.6 
6 Anchors and moorings 30.7 69.4 249.8 
7 Power collection 
and transmission 10.l 13.1 16.1 
TOTAL INPUT 270.5 333.6 527.2 
Notes 
(a) from table A2 
(b) centre section~hinges and mooring points 
(c) gearing, con rods etc. 
(d) pumps, pipework, generators, transformers etc. 
(e) from analysis based on case studies. 
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Annual energy input per 
2GH (106 GJt /yr) 
lower modal upper 
(a) (a) (a) 
2. 712 4.109 6.292 
1. 425 1.972 2.844 
1. 784 2.379 3.568 
3.307 4.380 6.501 
0.109 0.151 0.231 
1.234 3.281 14.390 
0.421 0.689 1.086 
1~;992 16. 961 34 .870 
-- - -- -~-- ----- -------1 
The resulting values of the energy r atio and net energy requirement of the 
WPL scheme are shown in tab l e A4. The energy ratio is def i ned as t he 
annual energy output, in terms of e l ectricity (GJ(e) ) , divided by the 
total annual enerny input, measured as the thermal energy of p r imary 
resources (GJ ( t ~ )*. The· net energy r equirement i s the i nverse of this ratio 
(GJ(t)/GJ(e ) ) . The resu l ts of tab le A4 are compiled i n such a way t hat the 
upper and l ower bounds of these parameters represent t he worst and best 
combination of input and output figures. For example, the upper bound 
of the energy ratio was obtained by dividing the lower val ue of energy 
input into the upper value of energy output. Modal values are simp l y 
combinations of modal input and output. 
This type of analysis was repeated for al l of the remaining devices 
except the Salters Duck (SEA)device. Unlike the other devices, no complete 
data were available on the phys i cal inventory f or the SEA device. 
Consequently, analysis was performed using financial cost i ngs given in 
the RPT Report and energy intens i ties MJ(t)/£(1978). As a check, the 
net energy requirements of the other devices were also evaluated wi t h 
costings and energy intensities, and results are summarised i n table A5. 
It is interest i ng to note that in e ach case the net energy r equirement 
based on financial data is considerably more t han that based on phys i cal 
data. This difference suggests that the costs of the devices may have been 
over-estimated possibly becuase of thei r nove l character i st i cs. 
* The method of assessing the i nput in terms of equivalent substituted 
electricity is descr i bed in Appendi x C. 
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Table A4. Energy ratio and net energy requirement for a 
2GW· scheme - WPL 1978 Reference Design. 
Parameter Value 
Annual input (106 GJt/2GW/yr) 
. 
energy 
- lower = 10.992 
- modal = 16. 961 
- upper = 34.870 
Annual energy output (106 GJe/2GW/yr) 
- lower = 7.253 
- modal = 11. 668 
- upper = 16.083 
Energy ratio (GJe/GJt) 
(a) 
- lower = 0.21 
-. modal = 0.69 
- upper = 1.46 
Net energy requirement (GJt/GJe) '(b) 
- lower = 0.68 
- modal = 1.45 
- upper = 4,81 
Notes 
(a) lower energy ratio = lower annual enersy output 
upper annual energy input 
upper energy ratio = UEEer annual enersy output 
lower annual energy input 
(b) lower net energy requirement= lower annual energy inEut 
upper annual energy output 
upper net energy requirement= uEEer annual energy inEut 









Comparison of net energy requirements evaluated 
using physical and financial data . 
Net energy requirement Net energy requirement 
PHYSICAL DATA FINANCIAL DATA 
GJ ( t) / GJ ( e) GJ (t/GJ (e) 
upper modal lower upper modal lower 
bound value bound bound value bound 
11.11 2.70 · o. 83 14 . 29 4. 76 1.82 
4. 76 1.45 0.68 9.89 3.38 1.48 
9.09 3.27 1.61 20 . 2 5.56 2.22 
- - - 9.09 2.89 1.14 
1. 72 0.46 0. 19 7.69 1. 75 0.50 
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APPENDIX B: Modelling of the energy analysis with respect to 
device scale. 
The prime function of energy analysis in the assessment of wave 
energy systems is to check that net primary energy will be produced 
over the life of those systems. A secondary function is to 
aid designers and engineers to maximise the potential of the 
system. This can be carried out either to make the best use of 
invested energy, or the best use of the natural energy flux available, 
The former necessities maximising the energy ratio (energy output/ 
energy input) or, conversely minimising the net energy requirement 
(energy input/energy output). The energy input is in the form of 
scarce fossil fuel resources used in the construction and maintenance 
of the wave energy system. 
The maximum utilisation of the natural energy flux available, entails 
making the best use of sea room. This means maximising system 
output per unit frontage of scheme. These two conditions may 
not coincide, as has been shown by earlier work on device scaling 
(Harrison, Smith and Varley, 1979). 
This modelling exercise concentrated on maximising the energy 
ratio of two devices, in their 1978 Reference Design Form; the 
National Engineering Laboratories (NEL) Oscillating Water Column 
device and the SEA/Edinburgh University, Salter's Duck device. 
The device parameters which were varied were the characteristic 
dimension of the device, which dictates the structural scale of 
the device, and the installed capacity (power limit) of the 
device. The characteristic dimension is that dimension which 
controls the performance of a device in the conversion of incoming 
wave energy into mechanical motion or mass air movement. 
is this dimension which 'tunes' the device to the sea. 
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Thus it 
B.1 NEL Model 
The characteristic ·dimension of the NEL Oscillating Water Column · 
device is the 'column length'. This is the front-to-back 
dimension of the interior of the water column. The infonnation 
on device outputs with varying column length and power limit, 
was taken from tank test simulations of device performance in both 
the South Uist and O.W.S. 'India' sea states by NEL (Moody, 1978). 
The energy inputs to build the system were based on the modal 
values of the results of the energy analysis of the 1978 Reference 
Design Oscillating Water Column*, converted to a 'per metre of 
frontage' basis to be compatible with device teams figures. 
A model of the variation of energy input with characteristic 
dimensions D, and power limit P, was created using the following 
assumptions: 
the structural mass of the device varies with the square of the 
characteristic dimension. This assumes the need to retain a 
similar cross section . so that the sea- keeping quantities of the 
device are kept. 
the energy requirement of the steel mooring points remain constant. 
- the energy requirement of the mechanical equipment on board varies 
linearly with the characteristic dimension. This is equipment 
such as louvre valves, ducting, safety valves, bilge pumps etc. 
- the energy requirements of the air turbines, electrical generators 
and other electrical equipment varies linearly with the power 
limit set for the electrical generators. 
- the energy requirement for tow out and installation, anchors and 
mooring remains constant for the size of devices envisaged within 
this exercise (this is the area of greatest uncertainty in this 
model for the NEL device). 
- the energy requirement of the power collection and transmission 
system varies with the power limit of the devices. 
* This model was based on a 'mixed-basis' energy analysis. This 
has since been modified to the 'physical basis' given in Section 3. 
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'TABLE Bl 'MODELLING OF DEVICE SCALING 









REF. DESIGN MODAL 
PROPORTIONAL MODEL 
ITEM ANNUAL ENERGY 
INPUT GJ/m-y 
TO: VALUES 
Construct 108.3 D2 0.7523 
concrete units 
Structural steel 3.4 K 3.4 
Mech. eqpt. 20.5 D 1. 713 
Turbines, hydraulic 60.6 p 1.01 
& Elect. eqpt. 
Tow out & 6.6 K 6.6 
installation 
Anchors & 115.5 K 115.5 
moorings 




Model energy requirement N = 0.7523 D + 1.713D + 1.413P + 125,5 
D - Characteristic dimension (column length) 
p 
K 




D = 12m 
P = 60 kW/m 
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The model of annual energy inputs to the NEL device, with varying 
characteristic dimensions D, and power limit p, is shown in 
Table Bl. 
The model was run on the Polytechnic computer using graph 
plotting facilities. The results of energy ratio versus annual 
output for OWS India performance data is shown in Figure3.7, and 
for the South Uist data is Figure3.a 
The results of energy ratio versus column length, is shown for 
OWS India in FigureBl, and for South Uist data is FigureB2 . • 
These results clearly show that the reference design is very well 
suited to OWS India sea state conditions, but is oversized and 
over-rated for the sea state at South Uist. It also shows that 
although a reduction in scale and power limit would improve the 
energy ratio for a device at South Uist, this would not be 
sufficient to make the device a net primary energy producer. 
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B2 Salter's Duck model 
The model used for the 1978 References Design of Salter's Duck is similar 
to models used in previous studies (Smith, Harrison and Varley, 1979). 
Information on system output in the South Uist sea state was taken from 
the Edinburgh Wave Power Project Fourth Year Report (Jeffrey et al, 1978) 
The characteristic dimension of the Salter's Duck device is the duck 
stern diameter. Output data is parameterised in terms of this dimension 
(D) and the power limit (P) of electrical machinery. The model of annual 
energy requirements based on the energy analysis of 1978 Reference Designs, 
was created using the following assumptions: 
- the structural energy requirement varies as the square of the duck stern 
diameter (The beak/spine structure can be crudely envisaged as having a 
square cross section) 
the energy requirement of the mechanical power take off equipment varies 
linearly with duck stern diameter. This equipment is deployed around 
the spine and will vary with the circumference 
I 
- the energy requirement of the hydraulic and electrical power take off 
equipment varies with the power limit of electrical machinery 
- tow out, installation, anchors and mooring energy requirements are 
constant for the range of diameters considered 
- the energy requirement of power collection and transmission equipment 
vary with the power limit of electrical machinery. 
The model derived from the modal value annual energy input for the 1978 
Reference Design is shown in Table B2. 
The results of the modelling exercise for the Salter's Duck device in the 
South Uist sea state is shown in Figure3 . 9 in the form of a graph of 
energy ratio versus annual output, Unfortunately only three data points 
were available for each constant power limit curve, 
These results show that large improvements could be madebyadecrease in 
device scale and power limit, although noclearmaxima occur with the 
data provided. This indicates that Salter's Duck devices smaller than 









TABEL B2 MODELLING OF DEVICE SCALING 
SALTER'S DUCK 1978 MODEL 
Annual Energy Requirement (Modal) 
REF DESIGN 
PROPORTIONAL MODEL ITEM ANNUAL 
G. E.R. (GJ/m-y) 
TO: VALUES 
Construct concrete 89.5 D2 0.457 
units 
Structural steel 39.9 
2 
0.204 D 
Mechanical Equipment 186.6 D 13.346 
Turbines, hydraulics 11 . 1 p 0 .149 
& Electrical equipment 
Tow out & installation 4.3 K 4.304 
Anchors and moorings 9.4 K 9.375 





MODEL ENERGY REQUIREMENT= 0.6603 D
2 
+ 0.3696 P + 13.679 
D - Characteristic dimension (duck diameter) 
p 
K 




D = 14m 
P = 75kW/m 
APPENDIX C: Assessing the effect of fuel pr i ce r is es. 
In any energy conversion system, some energy is needed to construct and 
maintain the infrastructure of the system. A new technology, such as wave 
energy, although not using fuel directly to produce electricity, is no 
exception. Energy is embodied within the devices and the power collection 
and transmission systems. Thus any change in the price of fuels initially 
used in construction and maintenanrewill inevitably change the final price 
of output electricity. The importance of this effect depends on the amount 
of fuel consumed by the system which can be determined by energy analysis. 
In this way a technique can be developed to determine the sensitivity of 
the cost of output from an energy system to fuel price inflation. 
When discussing the role of energy analysis and the effects of fuel pri ce 
rises on energy producing systems, it is necessary to be very clear how 
energy measurement terms are defined. There are many such definitions and 
each has its appropriate use. 
Three particular definitions are used in this study, dealing as it does 
with fuel price rises. 
The first definition is that of energy measured in terrrsof primary energy. 
This refers to the energy extracted from a source of a particular energy type. 
It is the energy supplied to a consumer as delivered fuel, measured in terms 
of its calorific value, plus the energy required from other fuels, measured 
in a similar manner, to produce and deliver that fuel from t he point of 
extraction to the point of sale. Thi s term, primary energy, has been used 
previously in energy analysis, either explicitly or implicitly, elsewhere 
(Chapman, 1973 et seq; Mortimer, 1977; Boustead and Hancock, 1979; 
Harrison, Smith and Varley, 1979). This definition takes into account 
all the energy consumed, released or otherwise appropriated in any given 
activity. It incorporates not only the heat content of a fuel, but also 
the energy required from fuels in processing, to produce, for example, 
marketable coal, coke and coal products from coal at the coal face; 
marketable oil products from crude oil at bottom of the well; marketable 
gas from natural gas at the bottom of the well; electricity from nuclear 
heat in a fis sion reactor; and electricity from the electrical output of 
a hydroelectric scheme. The inclusion in this defintion of nuclear heat 
in a fi s sion reactor, rather than uranium at the mine face, may seem 
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inappropriate. However, this convention was a~apted for consistency 
with earlier work in this field (Chapman, 1973). Energy in the form of 
primary energy is measured interms of me gajoules (thermal) (MJ (t )) 
The second definition concerns energy measured in terms of primary fuels. 
This refe:rsto the energy supplied to final consumers and/or to secondary 
fuel producers as~ delivered fuel, measured by its calorific value alone. 
In this particular case, fuels produced by primary energy processes are 
considered as delivered fuel. This defintion covers the calorific value, 
or heat content, of coal, oil and gas sold to final consumers; coal, oil 
and gas bought by secondary producers such as the coke and electricity 
industries, nuclear heat from fission reactors used for electricity 
generation, and the electrical output of hydroelectric schemes. The 
difference between energy in the form of primary energy and energy i n the 
form of primary fuel is simply the energy used in the extraction and 
production processes. Energy in the form of primary fuel is measured in 
terms of meGajou}es(fuel)(MJ(f)). 
The third definition concerns energy measured in terr.Eof the electrical 
equivalent energy. This is based on the substitution of electricity 
for all end uses of delivered fuel. All energy used by final consumers 
is envisaged on the common bas i s of electrical equivalent energy. Because 
the wave energy systems studied produce energy in the form of electricity, 
converting the primary energy input, to construct and maintain the system, 
into its electrical equivalent enables an appropriate comparison to be made 
between input and output. This comparison is achieved by converting f rom 
the energy used, as delivered fuel for final usage, into the electrical 
equivalent energy, by means of substitution factors developed elsewhere 
(Mortimer, 1977). Examples of such realistic substitutions are: steelmaking 
by electric arc furnace rather than open hearth furnace; rail freight t ransport 
using electric rather than diesel locomotives; water heating by electric 
immersion heaters r ather than gas-fired systems; and space heating by electricity 
rather than coal; oil or gas-fired installations. Electrical equivalent energy 
is measured in terms of megajoules (electrical)(MJ(e)). 
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The effect of fuel price rises on the costs of output f rom alternative 
energy systems can be discussed on a primary fuel basis or on an electrical 
equivalent basis. It is not poss~ble to describe this effect on a primary 
energy basis, because, by definition, no prices or costs can be directly 
allocated to primary energy. 
The costs of output electricity for wave energy ,schemes on a pr~mary fuel 
basis is shown in table C3. On the basis of pri mary fuels, the total 
scheme cost K of an energy system with no fuel operating costs,for example 
a wave energy system, is the sum of the total s cheme non-fuel cost K 
0 
and total fuel cost Kf necessary to build this system. 
K = K + K 
0 f 
£ (1. 1) 
This can be expressed, on an annual basis, by dividing equation (1.1) by 
the system lifetime n (years) to obtain annual costs k, k
0
, and kf. 
k = K/n (1. 2) 
k = k + k £/yr (1.3) 
0 f 
The annual fuel cost Kf can be described as the product of the primary fuel price 
Pf (£/GJ(f) ) and the annual primary fuel energy input Ef (GJ(f) ) . The latter 
is derived from the primary energy input E (GJ(t ) ) by the use of a primary 
p 
energy to primary fuel conversion factor g (GJ(f) . /GJ(t)) derived in Table C2' 




+ Pf Ef £/yr (1.5) 
The electricity output cost per unit C (£/GJ (e) ) is obtained by dividing 
equation (1.5) throughout by the electricity ou tput E
0 
(GJ (e )) from the energy 
system studied. 
C = C 
0 
£ I GJ ( t) ( L 6) 
The term Ef/E
0 
is known as the net energy requirement (primary fuel basis); 
Rf (GJ(f)/GJ(e)). Hence 
C = C
0 
+ Ff.Rf £/GJ(e) (1.7) 
The output cost per unit can be described in pence per kWh t erms by multiplying 
throughout by 0.36 (pence per kWh/£ per GJ). This gives the output cost per 
unit c in terms of the non-fuel cost per unit c0 and the primary fuel price 
(1. 8) 
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This equation describes in a simple way how the cost of the output 
electricity from a wave energy system varies with the cost of the primary 
fuel input to its construction. This equation does not take account of 
interest charges on money borrowed, or maintenance char~es. 
Interest repayments on the capital borrowed can be taken into account, 
by assuming that all money is borrowed for construction in a single sum 
K(£). This is paid back in equal annual sums, or annuities of k' (£/yr) 
over the payback period which is assumed to be the project lifetime 
n (yrs). If the annual rate of interest over this period is r, a capital 





1 - (1 + r) 
The annuity is given by the fonnula 
k' = a.K £/yr 
substituting from equation (1.2) 
k' = a.n.k £/yr 





hence on a cost per unit basis, t he cost of output electrici ty c' (p/kWh(e) ) 
is given by: 
p/kHh('e) ( 1. 12) 
To adopt an even more realistic cost model, an allowance must be made for 
continuous maintenance. This will take the fonn of both money and energy, 
Thus if the proportion of the non-fuel cost, c
0
, which is allowed for 
maintenance ism, and the proportion of the net energy reauirement Rf 
C -
allowed for is me, this gives a maintenance charge per unit output, cm 
C = m .c + m .Ff.Rf m c o e p/kWh(e) (1.13) 
Thus the cost of electricity, c' , allowing for both maintenance and 
m 
interest charged on initial capital is 





If an assumption is made that the cost and energy maintenance factors are 
equivalent 
m = m =m ( 1. 17) 
C e 
Then the cost of electricity per unit, with allow~nce f or interest charges 
and maintenance becomes 
(1.18) 
This is shown graphically f or the five schemes studied figure 3.10 and 
tab i'llar form in tab le C7. 
The above equation combines the net energy requirement of a system, 
determined by energy analysis, and the non-fuel cost, determined by a 
cost engineering exercise. 'The cost of the electricity output from the scheme 
can he found for any particular primary fuel price at the time of building 
the scheme. The other factors in the equation relate to current values 
of various par?IDeters used for project appraisal within the energy 
industries. In this case the project lifetime n is taken as 30 years, the 
annual rate of interestis taken as 10%, giving a capital recovery factor 
a = O. 10608. 
A similar process can be carried out to determine the cost of output 
electricity with the variation in the price of energy on an electrical 
equivalent basis, as shown in table C4. 
Firstly , the initial annual energy input, in primary energy terms 
Ep (GJ(t) ) , must be separated into the proportion of primary energy which 
has been used for electricity generation, and the proportion of primary 
energy which has been used for the production of other fuels used to construct 
the energy sys tem. Unfor tunately the energy analysis data base, at present, 
is not categorized by fuel type. Reece general industrial statistics of 
energy consumption are utilised for these normalized primary energy conversion 
factors, xe and xf respectively , as shown in table Cl. This primary energy 
used for electricity generation must then be converted, to actual electrici t y 
used as a fuel, by means of the primary energy to electricity conversion f actor 
of the electricity industry y . 
e 
Si milarly , the primary energy used to 
provide other fuels used in the construction, is converte:l by means of the f actor 
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of efficiency of primary energy conversion to primary fuels; yf. The fuel 
factors fe and ff, expressing fuel use in terms of primary energy input 
are therefore for the electricity consumed : 
f = X .y 
e e e GJ ( e / GJ ( t) (2. 1) 
and for the primary fuel consumed: 
GJ(f)/GJ(t) (2.2) 
The above fuel factors, shown in table C2, give the current mix of fuels 
used to construct the wave energy system. To express this energy input 
purely in electrical equivalent terms, a further conversion is necessary. 
This necessitates the use of a substitution factor S (GJ(e) IGJ(f)) which 
expresses how electricity could be substituted for primary fuels at the 
point of use (Mortimer, 1977). Thus the annual electrical equivalent 
input energy E to construct the wave energy system is given by e 
E = (f + Sff)Ep GJ(e) (2. 3) e e 
In similarity with equation (1.2), the annual cost of electricity produced 
by the system k, on an electrical equivalent basis, is 
where k 
n 
k = k + k 
n e £/yr (2 . 4) 
is the annual non-fuel cost and k is the annual fuel cost in 
e 
electrical equivalent terms. The latter can be expres sed in terms of the 
electricity price Pe (£/GJ(e)) and the annual electrical equivalent input 
energy Ee (GJ(e)/yr) 
k = k + P E £/yr (2.5) n e e 
this can be expressed on a cost per unit basi s, where C is the cost per unit 
of electricity output, and C is the non fuel cost per unit: n 
C=C +PR 
n e e £/GJ(e) (2.6) 
Where R is the electrical equivalent net energy requirement; e 




GJ (e) /GJ (e) (2. 7) 
this can be expressed as cost of electricity output per unit c (p/kHh(e)) 
where cn is the non fuel cost per unit, and p is the electricity price 
e 
(p /kWh (e)) 
p /kWh (e) (2.8) 
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Allowing for interest on capital, with a capital recovery factor a, and 
the system lifetime n, the cost of electricity output, on an electr i cal 
equivalent basis is given by c', where 
o ' = a. n. ( c ~ Re) p /kWh ( e) ( 2 • 9) 
and, in a similar fashion to equation (1.18), the cost of electricity output, 
with allowance for interest on capital, and maintenance, becomes 
c' ' m = (an +m) (c n + p R ) e e p/kWh (e) 
(2. 10) 
This equation is shown graphically for the wave energy systems studied 
in fig. 3.11, and in tabular form in table C8. 
To determine the break-even cost of electricity from an alternative energy 
system, firstly on the hasis of primary fuels, it is necessary to c1.efine the 
equation of the particular value line required, for example, a line with 
gradient V such that the cost relates to a price p; 
c = V.p (3.1) 
At the point of intersection (px' ex)' equation (3.1) becomes 
C = V.p 
X X 
and equation (1.7) becomes 
C = C + p Rf X 0 X 
combining to eliminate PX, 
C = C +c Rf X 9 X 
V 
thus the breakeven cost C (p· /kWh (e) )is 
.z( 
C = 1) X 
1 - Rf 
V 









Similarly, allowing for interest on capital, and maintenance charges, using 
equation (1.18), at break-even, the cost of output electricity c (p/kWh) becomes 
X 
c = (an + 1m) c 
X 0 
1 - (an +m) Rf 
V 
(3. 7) 
Similar equations can be derived for the break-even cost of output electricity 
on an electrical equivalent basis, although different value line gradients 
are used, reflecting the changed basis of assessment. 
These break-even costs are shown, on a primary fuel basis in table CS, and 
on an electrical equivalent basis in table C6. 
The value lines are taken from the ratio of relative prices of firm 
electricity (table C2), intermittent electricity (nominally off peak, night-
rate prices), and primary fuel prices, (table C2) . 
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TABLE Cl FUELS USED FOR ELECTRI CITY GENERATION - 1978 




1. FUEL INPUT 81. 0 11.5 338 37.22 4.04 
(units) (m. te) (m. te) (m. therms) TWh(e) TWh(e) 
2. FUEL INPUT 
6 
xlO GJ (f) 1914.0 495.0 35.7 134.0(e) 14.54(e) 
3. PRIMARY FUEL 
6 
INPUT xlO GJ (f) 1914. 0 495.0 35.7 515.4 14.54 











SUPPLIED 1xlO GJ (e) - - - - -
PPIMARY ENERGY ·To PRIMARY FUEL 
CONVERSION FACTOR (electricity gen er at ion) = 0.9542 GJ(f)/GJ(t) 
PRIMARY FUEL TO ELECTRICITY 
CONVERSION FACTOR (electricity generation) = 0.3058 GJ(e)/GJ(f) 
PRIMARY ENERGY TO ELECTRICITY 
CONVERSION FACTOR Ye = 0.2918 GJ(e)/GJ(t) 
(a) Digest of Energy Statistics, Dept. of Energy, H. M.S.O. 1979 
(e) denotes electrical energy. 
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TOTAL NOTES I 
(a) table 65 
(a) table 133 






909.5 (a) table 65 
TABLE C2 FUELS USED BY INDUSTRY - 1978 
cn.n COKE, OTHER l GAS FETFOL 
BREEZE COAL EUM 
& OTHER DERIVED 
SOLID 
FUELS 
1. TOTAL HEAT xl06 2,234 2,382 388 6,02(' 8,557 
SUPPLIED therms 
2. TOTJ\.L ::~rFAT xl06GJ 235. 7 251.3 40.9 635.1 904.8 
SUPPLIED 
7 235. 7 251.3 40. 9 635.1 904.8 3. TOTAL xlO GJ (f, 
PRIMARY 
FUELS 







6 245.5 296. 7 48.3 725.8 1009.8 xlO GJ (t 
PRTM..ARY 
ENEP.GY 




7. FUEL GJ(t) 0.070 0.075 0.012 0.189 0.269 
FACTOR -
PRIMARY GJ (f) 
FUEL 
8. FUEL - - - - -
FACTOR - GJ (t) 
ELECTRICITY GJ(e) 
9. TOTAL COST £M 225 570 40 695 1,255 
AVERAGE INDUSTRIAL PRIMARY FUEL PRICE = 1,459 f./GJ(f) 
= 0.525 p/kWh(f) 
= 5.522 f./GJ(e) 
= 1. 988p/kWh(e) 
AVERAGE INDUSTRIAL ELECTRICITY PRICE 
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ELEC- TOTALS NOTES 
TRICITY 
2,866(e) 22,447 (a) table 14 





0.954(c) 0.909 (c) from tablE 
Cl 
(d) I g' 
1036.3 3362. 4 
0.3n8(h) 1.00 (h) X e 
(i) 
- 0 . 614 (i) If I f 
0.090( j ) - (j ) If I e 
1,670 4,460 
Continued. 
TABLE C2 (continued) FUELS USED BY INDUSTRY - 1978 
PRIMARY ENERGY TO PRIMARY FUEL CONVERSION FACTOR g = 0.909 GJ ( f / GJ ( t) 
PRIMARY FUEL ff = 0.614 GJ ( f / GJ ( t) 
FUEL FACTORS 
ELECTRICITY f = 0.090 GJ(e)/GJ(t) e 
(a) Digest of Energy Stat i stics, Dept. of Energy, H.M.S.O. 1979 
(b) 'Iron and Steel' and 'Other Industries' Sections from (a) table 14. 
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Annual primary 6 16 . 93 xlO GJ (t) / E 
energy input p 
yr. 
" primary 6 15.39 xlO GJ (t) / Ef 
fuel input* yr. 
" fuel cost** £!!.. /yr kf 22 .92 
" scheme cost £M/yr k 360. 7 
" non-fuel cost £M/yr k 337.8 
0 
,. electricity 6 E 6.30 xlO GJ(e)/ 0 output yr . 
net energy GJ(f) Rf 2.44 
requirement 
GJ(e) 
non fuel cost f/GJ (e) C 53.62 
unit 0 per 
" " " p/kWh(e) C 0 19.30 
non fuel cost p/kWh(e) anc 61.42 
per unit 0 
(with interest 
only) 
non fuel cost p/kWh(e) (an+m)c 63. 35 
per unit 0 
(with interest 
+ maintenance) 
assumptions: · interest= 10% p.a. 
lifetime= 30 years 
WPL 
16. 96 
15 . 42 
22 . 96 
468. 8 








maintenance charge = 10% of capital cost. 
HRS SEA 
15.48 20.03 
14.07 18. 21 
20.95 27 .11 
313 . 0 303.9 
292.0 276. R 
4.73 6.93 
2.97 2.63 
61. 73 39.94 
22 .22 14.38 
70. 71 45.76 
72 . 93 47.20 
* primary energy to primary fuel conversion factor g = 0.909 GJ(f)/GJ(t) 
** 1978 primary fuel price; Pf = 1.459£/GJ(f) 
































6 16.93 energy Ep xlO GJ (t) 
input 
primary input ffEp 
6 10. 39 annual xlO GJ (f) 
11 e lee. equivalent 
6 
6. 11 s ffEp xlO GJ(e) 
primary fuel input 
11 electrical 
6 
energy fe E xlO GJ(e) 1.52 
input p 
total electrical 
6 7. 64 E xlO GJ(e) 
equivalent input e 
annual electrical kf £M/yr 42 .16 
fuel cost 
annual scheme cost k £M/yr 360.7 
II non fuel cost k £M/yr 318.5 n 
' ~ 
electricity output E GJ(e) 6.30 
0 
electrical equivalent R GJ(e) 1.21 
net energy e GJ(e) 
requirement 
non fuel cost per C £/GJ(e) 50.56 
unit 
n p/kWh(e) 18.20 C n 
non fuel cost per anc p/kWh 57. 91 
unit (with interest 
n 
only) 
non fuel cost per an+m)c p/kWh(e 59.74 
unit (with interest n 
& maintenance) 
1978 electricity price; P = 5.522 £/GJ(e) 
e 
Pe = 1. 988 p/kWh(e) 
s = 0.588 ff= 0 . 514 f = o. 090 e 
assumptions: interest = 10% p.a. 
l ifetime = 30 years 
maintenance charge = 10% of capital cost. 
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WPL HRS Sf:' A FFB 
16.96 15.48 20. n3 2. 60 
10.41 9.50 12.30 1.60 
6.12 5.59 7.23 o. 94 
1.53 1.39 1.80 0.23 
7.65 6.98 9.03 1.17 
42.24 38.55 49.89 6.48 
468.8 313.0 303.9 80.5 
426.6 274.4 254.0 74.0 
11.67 4.73 6.93 5.67 
0.66 1.48 1.30 0.21 
36.55 58.02 36.65 13.05 
13.16 20.88 13.19 4.70 
41.88 66.47 41.99 14.96 
43.19 68.56 43.31 15.43 
. 
TABLE CS 
1. NON FUEL COST 









s. PRIMARY FUEL 
SUBSTITUTION 
VALUE 
6. PRESENT COST 
Pf = 0.525 
BREAKEVEN COSTS - PRI}'!.ARY FUEL BASIS 
(including interest and maintenance charges) 
NEL 'WPL HRS 
p/kWh (an+m) c 63 . 35 45 .13 72. 93 
0 
GJ (f) Rf 2. 44 1.32 2 .97 
GJ(e) 
(an+m) Rf 8.01 4 . 33 9 .75 
p/kWh 
vl = 3. 79 - - -
v2 = 1.94 - - -
V3 = 1.00 - - -










TABLE C6 BREAKEVEN COSTS - ELECTRICAL EQUIVALENT BASIS 
(including interest and maintenRnce charges) 
' 1. NON FUEL COST p/kWh (an+m) c n 59.74 43 .19 68.56 43.31 
2. NET ENERGY GJ 
1.21 0 ,66 1.48 REQUIREMENT ~ 
R 1.30 e 
, .. 
(an+m) R 3.97 2.17 4.86 4.27 e 
BREAKEVEN COSTS p/kVh r ) ,e 
3. FIRM ELECT- vl = 1.00 .- - - -
RICITY 
4. NOMINAL INTER- v2 = 0.516 - - - -
MITTENT ELECT-
RICITY VALUE 
s. PRIMARY FUEL v3 = 0.264 - - - -
SUBSTITUTION 
VALUE 
6. PRESENT COST p/kWh(e) Cp 67.63 47.50 78 . 22 51.80 

















TABLE C7 EQUATIONS OF COST- PRICE GRAPHS -PRIMARY FUELS BASIS 
(including int erest and maintenance charges) 
NET, C = 63. 35 + 8.01 pf p /kWh (e) 
WPL C = 45 . 13 + 4. 33 pf p/kWh(e) 
HRS C = 72 . 93 + 9. 75 Pf p/kWh(e) 
SEA C = 47.20 + 8. 63 pf p /kWh (e) 
FFB C = 16 . 05 + 1.38 Pf p/kWh(e) 
TABLE C8 EQUATIONS OF COS T- PRICE GRAPHS·ELECTRICAL EQUI VALENT BASIS 
(including i nt erest and maint enance char ge s) 
NEL C = 58 . 74 + 3. 97 pe p/kWh(e) 
WPL C 43 . 19 + 2.17 Pe p /kWh(e ) 
HRS C = 68 . 56 + 4. 86 Pe p/kWh(e ) 
SEA C = 43 . 31 + 4. 27 Pe p/kWh(e) 








APPENDIX D: Energy requirments of some materials and products 
MATERIAL ENERGY REQUIREMENT 
CONCRETES 
Concrete Grade 30 1.31 GJ/tonne 
3 
(3.14 GJ/m) 
Concrete Grade 40 1.43 GJ/tonne (3.44 GJ/m
3
) 
Concrete Grade 50 1.67 GJ/tonne (4.01 GJ/m
3
) 
Ordinary Portland 7,9 GJ/tonne 
Cement 
Aggregate (average) 0,15 GJ/tonne 
3 
Reinforced concrete* 4.0 GJ/tonne (10.0 GJ/m) 
STEELS (mater;i.al 
only) 
Steel - industry 36,5 GJ/tonne 
average 
Steel reinforcing ha 39.5 GJ/tonne 
Steel prestressing 43.0 GJ/tonne 
wire 
Steel plate (~4. 5mm) 31 GJ/tonne 
Steel sheet (<4.5Jlllll) 38 GJ/tonne 
Stainless steel - !-92 GJ/tonne 
- pi ~ - 95 ,. ,. 
Iron castings 44 GJ/tonne 
NON-FERROUS METALS 
(material only) 
Aluminium (from3cfi.e) 328 GJ/tonne 
- tjf"~' " 50% 3>1 2- c1/r~ Aluminium (UK 97 , 1 GJ/tonne 
average) 
Copper (UK average) 45.9 GJ/tonne 
Lead (UK average) 25.2 GJ/tonne 





Casper et al, 1975; 
Chapman, 1975; 
Gartner . & Smith, 1976 ~ 
~Varley & Harrison, 1977, 
Chapman, 1975 
Casper et al, 1975; 
Gartner & Smith, 1976; 
Varley & Harrison, 1977. 
*Grade 40 concrete 
7% reinforcing steel 
by weight. 
Roberts 1978 (c) 
Roberts 1978 (c) 
Roberts 9178 (c) 
Roberts 1978 (c) 
Roberts 1978 (c) 
Berr,y & Fels, 1973 
~.,....v-- l1g"o 
Rose, 1978 
Chapman, 1973 (a) ,. 
Chapman, 1973 (b) 








































5(3 (t ~~ 
f'LAS• I c. S 
NYLON {6 
NYJ...b/\./ (6 FJe~£. 
P,:.(\'(t...l< ~rts1t.E 
55.6 GJ/tonne 
60.6 GJ/ tonne 
85.5 GJ/ tonne 
97.9 GJ / tonne 
( "/ f 







0.138 GJ / m
2 
2 
0.172 GJ/ m 
89 GJ/ tonne 
96 GJ/ tonne 




200 GJ/ tonne 





.' 140 GJ /tonne 
1110 GJ/ tonne 
f , 30. en 0/r---
2.53 .s3 
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Roberts, 1978 (c) 
PERA, . 1978 
Roberts, 1978 (c) 
PERA, 1978 
Roberts, 1978 (c) 
PERA, 1978 
Roberts , 1978 ( c) 
Hannon et al, 1976 
Hannon et al, 1976 
*Multiple usage;includes 
20% steel b y area 
Hannon et al, 1976 
Roberts , 1978 (a) 
Roberts , 1978 (c) 
Roberts 1978 (b) 
Robert l978 (b) 
NEDO, 1974 ( 
)t)~ D C,7'J ) 
NEDO, 1974 
NEDO, 1974 
*50% polyester by volume 
Long, 1974 
NEDO, 1974 
Roberts, 1978 (b) 
Roberts, 1978 (b) 
Roberts, 1978 (b) 
I Bou...sT~f"\.o ,,n f Js8' 
.)I 
- - l 
I 
ELECTRICAL EQUIPMENT 
A.C. genrators ( IMVA) 90,4 GJ/tonne 
D.C. generators 119.0 GJ/tonne 





















Casper, et al, 1975 
Casper, et al, 1~75 
APPENDIX E 
Component Lifetimes 
Component lifetimes are obviously not known with any accuracy, because 
the novel operating environment of wavepower systems has no precedent 
in present day engineering. In considering the energy inputs over the 
total system lifetime (30 years) obviously some components will suffer 
rapid wear or fouling, whilst others -will have deteriorated very little. 
Thus a likely range of lifetimes for each component or sub-system has 
been used in our analysis (APPENDIX A) . The modal value of the lifetime 
is that considered most likely, whilst the lower and upper bound of the 
lifetimes represent the extremes of the range considered likely by 
engineers and scientists within the programme. 
Unfortunately, no data is yet available on programmes of planned 
maintenance of wavepower systems. Repair and refurbishment may use 
much less energy than total replacement of a sub-system. 
Obviously as understanding of these systems widens for use in wavepower, 
better lifetime estimation of smaller £omponents will be possible. This 
will enable more detailed and accurate energy analysis and cost assessment. 
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(reinforced or prestressed) 
2 Structural steelwork 
Hydraulic equipment (Oil) 
1 Hydraulic pumps 
2 Hydraulic mains and flow 
regulation equipment 
3 Hydraulic oil 




3 Other electrical equipment on board 
Anchors and Moorings 
1. Steel mooring ropes 
2 Nylon mooring ropes 
3 Drag anchors 
4 Piled anchors 
Power collection & transmissions 
1 22 kV Flexible Submarine Cable 
2 Converter and inv.= r tor 
stations (electrical equipment) 
3 Main± 250 kV D.S. Submarine Cables 
4 Terminal substation 
5 Overhead transmission lines 
6 Cormnunications systems 
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Range of Lifetimes (Years) 


























































I Range of lifetimes (Years ) I 
I 
Item 
Short Intermediate Long 
I 
I .§P.ecial equipment I 
HRS --
1 Flap gates - steel components 10 15 20 
2 Flap gates - rubber components 10 15 20 
3 De.wateri ng gates 20 25 30 
4 Kaplan turbines 10 15 20 
5 Gearboxes 20 25 30 
NEL -
1 Ducting & louvres (g.r.p.) 15 20 25 
2 Cranes & crane rails 20 25 30 
3 Air turbines & flywheels 20 25 30 
WPL -
1 Mechanical components 10 15 20 
(rack, gears, hinges etc.) 
2 Sea water hydraulic equipment 5 7.5 10 
S. E. A. 
1 Mechanical components 15 20 25 
(rack, pinions, beari ngs etc.) 
FFB -
1 Rubber air bags 5 10 15 
2 Louvres vales & vanes 10 15 20 




Berry, R.S., and 
Fels, M.F. 
Boustead, I. , 
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